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Abstract 

Organic residues (compost) can be used as growth medium but may contain phytotoxic 

ions that, combined with a water deficit in a limited volume such as a plant container, 

may alter the behavior of plants. The experiment was carried out in a growth chamber 

with Cistus albidus plants in two substrates (commercial substrate and a mixture of 

compost substrate). Plants of both substrates were grown in pots under well-watered 

(WW) and water-stressed (WS) conditions (water stress period), after then, water was 

re-established in all plants (recovery period). The well-watered plants had a leaf water 

potential (Ψl) around -0.9 MPa, but stomatal conductance (gs) was 125 mmol m
-2

s
-1

 in 

the commercial substrate and 30 mmol m
-2

s
-1

 in compost. The photosynthesis pattern 

was similar to that of gs. Under water stress, the time taken to reach a Ψl of -3.0 MPa 

(threshold value at which water stress occurs) was 2 weeks in the commercial substrate 

and 4 weeks in the case of the compost. Water-stressed plants in the commercial 

substrate had significantly lower values of Ψl and gs than well-watered. Plants in 

compost maintained values of gs similar to that of the control in spite of the imposed 

stress, and in both conditions (well-watered and water-stressed) accumulated less 

biomass than those that grown in commercial. The water stress in compost substrate led 

an increase in the adaxial epidermis, parenchyma and mesophyll, whereas in 

commercial the proportions of the different tissues decreased. Higher lipid peroxidation 

values were found in plants grown in both substrates under water stress. The time 

needed by plants to recover depended on the type of substrate. The restoration of 

irrigation in commercial substrate was seen to act as a new stress, as reflected in the 

photochemical mechanisms and in plant survival rates. 
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1. Introduction 

Nurseries that produce ornamental plants frequently used organic substrate made with 

Sphagnum peat (Blievernicht et al. 2013). However, it is a non-renewable resource and, 

in southern Europe at least, peat needs to be imported, and, as its cost has risen and its 

properties become more variable, so the search for alternative materials has intensified 

(Abad et al., 2001; Ribeiro et al., 2007). Recently, several formulations of alternative 

materials for potting ornamental plants have been developed, particularly for use with 

herbaceous and annual species. The effect of adding composted waste to a peat as 

growth medium is both economically and environmentally attractive (Hargreaves et al., 

2008). Some studies have even shown that, after composting, these organic residues can 

be used as a culture medium instead of peat with very good results (García-Gómez et 

al., 2002). Nevertheless, the use of alternative growing media requires an assessment of 

their physical and chemical properties, which must be able to provide adequate support 

and act as a reservoir of water and nutrients (Larcher and Scariot., 2009). Also, in all 

such studies, there is a need to quantify the toxic effects of any metals in the substrate. 

Certain phytotoxic ions and heavy metals present in these organic residues can affect 

the morphological and anatomical characteristics of plants, such as leaf area reduction, 

which influence loss of water through the leaves (Barceló and Poschenrieder, 1990; 

Poschenrieder and Barceló, 2004; Perfus-Barbeoch et al., 2002). Substrate composition 

may also affect root membrane permeability to water (Przedpelska-Wasowicz and 

Wierzbicka, 2011), some studies have pointed to alterations in water absorption and the 

water status of the plant under an excess of both essential and non-essential metals 

(Perfus-Barbeoch et al., 2002; Rucinska-Sobkowiak., 2016).  In addition, toxic elements 
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may also alter the metabolic activities of several tissues and plant organelles, 

particularly in leaves and chloroplasts, modifying the structure and function of 

photosystem II due to perturbations in the electron transport chain (Qadir et al., 2004).  

For all the above, any compost used as a component of a substrate must have specific 

physical characteristics that will provide it with good aeration and water holding 

capacity, but also be free of excessive phytotoxicity and pathogenic microorganisms 

(Raviv et al., 1986).  

On the other hand, the growing concerns about water scarcity have focused more 

attention into possible mechanisms for enhancing water use efficiency (WUE) and 

drought resistance, which according to Zhang et al. (2002) is regulated by genetic and 

environmental factors and by cultivation methods.  

Various factors that contribute to photosynthetic performance under stress conditions 

have been studied, including osmotic adjustment, anatomical structure, aging conditions 

(Xu et al., 2010; Yuping et al., 2017), although their relationship with stomatal 

characteristics is still not entirely established. Moreover, it is well known that a plant’s 

response to water stress depends not only on the intensity of any deficit treatment, but 

also on the time of exposure to the stress (Álvarez and Sánchez-Blanco, 2013; Álvarez 

et al., 2018). 

In the case of Cistus albidus, a typical Mediterranean shrub, plants respond to water 

deficit by developing avoidance mechanisms based on the limitation of plant growth, a 

reduction in leaf area and epinasty, which can be considered complementary 

mechanisms for the regulation of transpiration and the amount of intercepted radiation 

(Sánchez-Blanco et al., 2002; Munné-Bosch et al., 2002). 

However, knowledge of the relationship between tolerance to drought and the 

characteristics of the culture medium, as well as information regarding the response of 
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plants during water stress recovery, is scarce, and the physiological mechanisms 

involved in the recovery process remain poorly understood (Chaves et al., 2011). 

The objective of this work was to evaluate how compost with a high Zn, Mn, Al and Cu 

content and a high water retention capacity can modify the development and the speed 

of an imposed water stress when it used as substrate, as well the resistance to water 

stress and subsequent recovery of C. albidus plants. For this, changes in biomass, water 

relations, gas exchange, photochemical efficiency, lipid peroxidation, nutrients and leaf 

anatomical structure were evaluated. The importance of studying the capacity for 

recovery following water stress relief was also taken into account.  

 

2. Materials and Methods 

2.1. Experimental conditions and treatments 

Fifty Cistus albidus L. plants were grown in 14x12x12 cm pots, of which 25 were filled 

with Sphagnum peat, coconut fiber and perlite (8:7:1) as commercial substrate (C) and 

25 were filled with a mixture of slurry compost, coconut fiber and perlite (3:6:1) as a 

compost substrate (Cp). Both substrates were supplemented with Osmocote Plus 

(14:13:13 N, P, K microelements). The experiment was carried out in a controlled 

growth chamber, in the following conditions: natural temperature, 23 ºC/18 ºC 

(day/night); Photosynthetic photon flux density, 350 mol m
-2

s
-1

; photoperiod, 16/8 h 

(light /dark) and relative humidity of 60%. Once C. albidus had adapted to the chamber 

conditions, the irrigation treatments consisted in well-watered plants (WW), 

maintaining values of Ψl at light hours around -0.9 MPa (CWW and CpWW), and then 

water-stressed (WS) where the irrigation was removed to half of the plants until them 

reached values of Ψl around -3.0 MPa (CWS and CpWS), considered as a several 

drought stress (water stress period). After then, water was re-established on the plants 
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which had suffer drought until manage Ψl values around -0.9 MPa again (recovery 

period).  

 

2.2. Substrate and leaf mineral content  

The mineral content of leaf were analysed from five samples per treatment at the end of 

stress and recovery period. At the beginning of the experiment three substrate samples 

per type of substrate were collected and analysed.  The macronutrient concentrations 

were determined in a digestion extract with HNO3:HClO4 (2:1, v/v) using an 

Inductively Coupled Plasma optical emission spectrometer (ICP-OES IRIS INTREPID 

II XDL). The concentration of Cl was analysed by a chloride analyser (Chloride 

Analyser Model 926, Sherwood Scientific Ltd.) in the aqueous extracts obtained by 

mixing 100 mg of powdered dry sample with 40 mL of water before shaking for 30 min 

and filtering.  

 

2.3. Growth and Survival 

Growth was considered in relation to the height and dry weight of shoots and roots 

measured at the end of stress and recovery periods. After gently washing the substrate 

from the roots, five plants per treatment were individually separated into shoots (leaves 

and stem) and roots and the different organs were washed with distilled water. Then, 

leaves, stems and roots were oven-dried at 60 ºC until they reached constant weight in 

order to measure their respective dry weights (DW). 

The survival rate was calculated by counting the number of plants of each treatment that 

had survived at the end of experimental period, dividing by the number of plants 

originally planted and multiplying by 100 to express survival as a percentage. 
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2.5. Water relations 

Changes throughout the experimental period in leaf water potential (Ψl), and osmotic 

water potential at full turgor (Ψ100s) were measured in 5 plants per treatment. Ψl was 

determined according to the method described by Scholander el al. (1965), using a 

pressure chamber (Soil Moisture Equipment Co., Santa Bárbara, CA, USA, mod. 3000), 

while the leaves were pressurized at a rate of 0.03 MPa s
-1

. The osmotic water potential 

at full turgor (Ψ100s) was estimated by immersing the petiole in distilled water for 24 h 

to achieve complete saturation before freezing the leaves in liquid nitrogen to break 

down the cell walls and equalize the leaf water potential with the osmotic potential. 

After thawing, Ψ100s was measured using a Wescor 5520 vapor pressure osmometer 

(Wescor Inc., Logan, UT, USA).  

 

2.6. Gas exchange and leaf temperature 

The net photosynthesis rate (Pn) and stomatal conductance (gs) were determined in 5 

plants per treatment using a portable gas exchange device, LICOR LI-6400 (LI-COR 

Inc., Lincoln, NE, USA). The flow rate of circulating air within the system was 

approximately 300 µmol s
-1

, with a sheet vapour pressure deficit to air of about 2 KPa. 

The CO2 concentration was fixed at 400 ppm and the photosynthetically active radiation 

(PAR) at 600 µmol m
-2

s
-1

. The measurements were carried out throughout the 

experimental period.  

At the same time, leaf temperatures were measured by thermography, taking thermal 

images in four plants per treatment with a thermal camera (ThermaCam FLIR-e50 

System, Inc., Danderyd, Sweden). The background temperature, distance of the camera 

from the canopy, air temperature, emissivity and relative humidity were used as input at 

the start of each series of measurements, permitting the camera to automatically correct 
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for atmospheric transmission based on these data. Emissivity for leaf measurements was 

set at 0.96 (Leinonen et al., 2006). However, previously to the measurement set, 

background temperature was determined as the temperature of a crumpled sheet of 

aluminium foil in a similar position to the leaves of interest with the emissivity set at 

1.0. The distance at which images were taken was 0.5 m. The images were processed 

with ThermaCam Researcher Professional 2.10 software (FLIR Quick Report). 

 

2.7. Chlorophyll fluorescence parameters 

Three leaves per treatment were allowed to adapt the dark for 15 min, in order to 

achieve maximum stomatal opening, and the maximum and minimum fluorescence 

values were measured with a fluorometer (IMAGING-PAM M-series, Heinz Walz, 

Effeltrich, Germany. Kinetic analyses were made with actinic light (81 mol quanta m
-2

 

s
-1

 PAR) on repeated pulses of saturating light at 27008 mol quanta m
-2

s
-1

 PAR for 0.8 

s at 20 s intervals (Clemente-Moreno et al., 2013). As regards the photochemical 

process, quantum yield (Y (II)), photochemical quenching (qP) and the efficiency of 

PSII (Fv/Fm) were measured. Non-photochemical quenching (qN) is related to heat 

dissipation and can be used as an indicator of stress due to its sensitivity (Maxwell and 

Johnson, 2000). 

 

2.8. Lipid peroxidation 

Following the method described by Acosta-Motos et al. (2015), the concentration of 

substances that react with thiobarbituric acid (TBARS) was estimated. For this, 0.1 g of 

leaves were homogenized in a 1M perchloric acid solution (w/v 1/10) and then 

centrifuged at 1400 g for 10 min, and 0.4 mL of supernatant was taken and mixed with 

1.2 ml of 50% TBA. This mixture was incubated at 90 ºC for 20 min and the reaction 
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was stopped by placing the Eppendorf on ice. Finally, after 5 min centrifugation at 

10000 g, the absorbance was measured at 532 and 600 nm. The concentration of 

TBARS was calculated from the absorbance value given by the difference between the 

values obtained at 532 and 600 nm and using a molar extinction coefficient of 155 nM
-1 

cm
-1

. 

 

2.9. Light microscopy and morphometrical analysis 

Leaf sections (1×1 mm
2
) from the most recent fully expanded leaves from the central 

region of Cistus leaves were used for light microscopy analysis. These samples were 

fixed and postfixed according to Fernández-García et al. (2014). Semi-thin sections 

(0.5–0.7 µm) thick were cut with a Leica EM UC6 ultramicrotome. The sections were 

stained with 0.5 % toluidine blue, mounted in DPX and observed with a Leica DMR 

light microscope. For the morphometric analysis, eighteen different sections from each 

treatment (3 plants per treatment) were studied. The thickness of area occupied by 

palisade parenchyma (PP), spongy parenchyma (SP), adaxial epidermis (AdE), abaxial 

epidermis (AbE), mesophyll thickening (MT) and stomatal opening in the leaves, was 

measured and expressed in microns using ImageJ software. 

 

2.10. Statistical analysis 

In the experiment, 50 plants were randomly attributed to each treatment. The data were 

analysed by one-way ANOVA using the SPSS 20.0 software (SPSS Inc., 2002). 

Treatment means were separated with Duncan’s Multiple Range test (P≤0.05).  

 

3. Results 

3.1. Growth  
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In well-irrigated plants growing in compost substrate (CpWW), shoot biomass 

accumulation (shoot DW) was lower than in their counterparts grown in commercial 

substrate (CWW) (Figure 1a). In water stressed plants in the commercial substrate shoot 

DW values were significantly lower than in well-irrigated plants, while no significant 

difference were observed between well-irrigated and water-stressed plants in compost. 

Root dry weight values were similar in all treatments (Figure 1b). Plant height was less 

affected due to the substrate than shoot DW during the stress period, but height 

decreased as a result of water stress in the commercial substrate (Figure 1c).    

At the end of the recovery period, CpWS plants showed the lowest values for shoot DW 

(Figure 1d), while the plants grown in commercial substrate (CWW and CWS) had the 

highest values. In the case of root DW, the greatest differences were found between 

CWW and CpWS plants (Figure 1e). At this time, the highest plants were those from 

CWW and the lowest from CpWS (Figure 1f), while the respective heights of CWS and 

CpWW were similar. In general, all the plants were higher after recovery than during 

the water stress period. 

 

3.2. Mineral content 

The minerals Al, B, Ca, Cu, Li, Mg, Mn, Na, P, Rb, K, S, Sr and Zn were found in 

higher proportions in the compost substrate than in the commercial substrate, especially 

in the case of Al, Mn, Cu and Zn. By contrast, the Cr, Fe and Ni contents were lower in 

the compost substrate (Table 1). 

In the leaves of plants grown in compost substrate, the levels of Ca were lower and 

those of K, Na and S higher than in the leaves of plants grown in commercial substrate. 

When water stress was applied, the Ca, Cu, Mg and Rb contents were lower in the 

commercial substrate, while only the Zn content decreased in the plants grown in 



 11 

 

compost substrate (Table 2a). At the end of experiment, after the water stressed plants 

had been re-watered, the levels of Ca, Fe, P and Sr were lower in the plants from the 

compost treatments while K, Na, Rb, S and Zn content increased in the same plants, 

especially K and Na in CpWS (Table 2b). 

   

3.3. Water stress development and recovery. Survival 

When irrigation was stopped, the time taken to reach a leaf water potential of around -

3.0MPa (threshold value at which the water stress was established) was different 

between the plants grown in commercial substrate and those grown in compost substrate 

(Figure 2). In the case of commercial substrate, the response of plants to the absence of 

irrigation was faster (2 weeks compared with the 4 weeks taken by compost-grown 

plants to reach a similar level of water stress) (Figure 2), probably because the compost 

substrate had a greater water retention capacity. Once all plants were re-watered, the 

recovery period needed to reach a leaf water potential value of around -0.9 MPa (well-

watered plants) depended on the substrate used: 13 d in the case of the commercial 

substrate (C) and 20 d for the compost (Cp) (Figure 2).  

Re-watering represented a new stress that affected plant survival, at the end of the 

experiment, survival in the different treatments was: <66% (CpWW) <69% (CpWS) 

and 100% in the rest of the plants (CWW, CWS).  

 

3.4. Osmotic adjustment 

As regards osmotic potential at full turgor (Ѱ100s), this was significantly lower in plants 

grown in compost substrate (Cp) (Figures 3a,b), an effect that became more pronounced 

with water stress (CpWS). No osmotic adjustment occurred in the plants grown the 

commercial substrate and submitted to water stress (Figure 3a). The recovery of Ѱ100s in 
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plants grown in compost respect to stress period was significant, especially in the plants 

that had been exposed to water stress, in which the parameter reached values similar to 

that of well-watered plants (Figure 3b).  

 

3.5. Gas exchange and leaf temperature 

The stomatal conductance (gs) values of well-watered plants (Figure 4a) grown in 

commercial substrate was significantly higher than in those grown in compost under the 

same irrigation conditions, with mean values throughout the experiment of 150 mmol 

m
-2

s
-1

 and 50 mmol m
-2

s
-1

, respectively (Figure 4a). When water stress was induced, the 

stomatal conductance fell drastically in the plants of the commercial substrate. 

However, the difference in gs between well-watered plants and water-stressed plants 

was less pronounced for plants grown in compost, showing lower values in both 

treatments (Fig. 4a). There was no recovery of gs values in CWS, while in plants grown 

in compost substrate the values in CpWW and CpWS were similar (Figure 4a).  

The behaviour of Pn was similar to that of gs (Figure 4b), although the differences 

between CpWW and CpWS were more pronounced than those found for gs (Figure 4b).  

Water stress induced an increase in leaf temperatures with respect to well-watered 

plants, especially in the commercial substrate (Figure 4c). During recovery period, leaf 

T values slightly decreased in all treatments with respect to the values observed during 

the water stress period, and no differences between treatments were observed (Figure 

4d). 

 

3.6. Chlorophyll fluorescence and lipid peroxidation 

In well-watered plants there were no significant differences in lipid peroxidation values 

caused by the substrate used (Figure 5a). When water stress was imposed, lipid 
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peroxidation values increased in plants grown in both substrates. After the recovery 

period, no statistically significant differences were observed between treatments (Figure 

5b). In plants grown in compost, there is no decrease in these values in relation to the 

water stress period.  

Chlorophyll fluorescence analysis to know photochemical efficiency of plants at the end 

of both periods is shown in table 3. The maximum quantum yield of PSII (Fv/Fm) were 

around 0.80 for the control plants grown in both substrates, while in their water-stressed 

counterparts, Fv/Fm decreased in commercial substrate (0.62) and, to a lesser extent 

(0.78), in compost (Table 3) The effective quantum yield (Y(II)) values were higher in 

well-watered plants grown in compost substrate (Table 3). Water stress induced a 

significant decrease in Y (II) in plants grown in both substrates, especially in 

commercial substrate. With regard the non-photochemical quenching (qN), this 

decreased in the CWS plants compared to the rest of the treatments (Table 3). When the 

plants were re-watered, no statistical differences in Fv/Fm between CWW and CWS 

treatments were observed (Table 3), however, the CpWW plants had a lower Fv/Fm 

than the CpWS plants. In this time, the Y (II), qP and qN values of the plants that had 

been under water stress in both substrates reached similar values to those of well 

irrigated plants (Table 3). 

 

3.7. Leaf anatomical changes 

Water stress and substrate induced some changes in the leaf anatomy of C. albidus 

plants at the end of water stress period (Table 4). Compost-grown plants underwater 

stress conditions (CpWS) presented an increase in the percentage of palisade 

parenchyma, adaxial epidermis and mesophyll thickening than well-irrigated (CpWW). 

In the case of plants grown in commercial substrate, the proportion of the different 
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tissues by water stress (CWS) decreased comparing with CWW (table 4). At the end of 

the stress phase, we verified how the leaves of the plants found in the well-watered 

treatments were flatter compared to the leaves of the plants of the treatments in water 

stress, which were sometimes bent, forming crypts in the abaxial zone. In both compost 

treatments and in the commercial stressed water substrate, the stomata clearly closed; 

unlike those of the plants grown in commercial substrate not subjected to water stress 

(Table 4). 

 

4. Discussion  

The compost substrate used was characterized by its higher heavy metal content (Al, 

Cu, Mn and Zn) and lower level of Fe compared with the commercial substrate (Table 

1). These characteristics conditioned the behavior of the plants both under good 

irrigation and water stress conditions. Metal toxicity is known to have multiple direct 

and indirect effects on plants that affect all physiological functions (Rucinska-

Sobkowiak, 2016). These toxic effects depend on the external concentration, exposure 

time and genotype of the plant. Some plants prevent heavy metals from entering the 

roots (Ghosh and Singh, 2005), while others confine and detoxify them in a controlled 

manner (hyperaccumulators) (Rascio and Navari-Izzo, 2011). The excluder group 

includes the majority of plant species, like Cistus, that limit the translocation of heavy 

metals and maintain low levels of contaminants in their aerial tissues over an extensive 

range of soil concentrations (Millaleo et al., 2010). As can be seen, the higher levels of 

Al, Cu, Mn and Zn in the substrate (Table 1) did not translate into higher levels of these 

minerals in the leaves of the plants grown in compost (Table 2).  

Nevertheless, changes in biomass parameters are indicators of plant tolerance to the 

presence of heavy metals (Ingrouille and Smimoff, 1986). In our experiment, shoot DW 
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was noticeably lower in plants grown in compost compared with those grown in 

commercial substrate, even when well-irrigated. Such lower growth may be related with 

an excess of metal ions in the medium, factors that regulate the entry and exit of water 

in plants, which affect the cell walls and consequently growth and expansion (Barceló 

and Posschenrieder, 1990; Rucinska-Sobkowiak, 2016).  

In the case of plants grown in commercial substrate, the decrease in biomass was 

directly due to the imposed water stress, which would cause a water deficit in these 

plants, determining cell expansion and photosynthesis related to biomass growth 

(Sánchez -Blanco et al., 2002; Sánchez-Blanco et al., 2019).  

It is known that stomatal closure is one of the fastest responses to water stress in plants 

(Anjum et al., 2011) and that it may reduce photosynthesis due to the lack of CO2 

fixation. In compost-grown plants, the stomatal closure occurred both in plants 

subjected to water stress and in well irrigated plants (Figure 4 and Table 4), probably 

due to the excess of minerals in the substrate, as has been observed in several studies 

that have described significantly reduced stomatal conductance caused by the effect of 

minerals (Kasim, 2006; Sagardoy et al., 2010). Stomatal closure prevents transpiration, 

resulting in an increase in leaf temperature (Leinonen et al., 2006; Gómez-Bellot et al., 

2015), even in well-watered plants under compost substrate.  

As we have previously pointed out, stomatal closure is a mechanism used by plants to 

reduce water loss in the face of water stress (Bañón et al., 2011; Gómez-Bellot et al. 

2013a,b; Sánchez-Blanco et al., 2002; Sánchez-Blanco et al., 2019). In our experimental 

conditions, furthermore, compost added an osmotic component that induced a stronger 

response from the plants. Reductions in stomatal conductance have previously been 

observed in metal-exposed plants (Disante et al. 2011). All of these physiological 

responses may result in restriction of water uptake in metal-stressed plant, which 
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aggravate the consequences of drought stress (Perfus-Barbeoch et al., 2002). 

Furthermore, in addition to increasing by stomatal closure, leaf temperature can also be 

increased by the culture medium (Maes and Steppe, 2012).  

As has been previously mentioned, stomatal closure is a dominant factor that limits gas 

exchange during water deficit (Davies and Gowing, 1999). A decrease in stomatal 

conductance normally correlates with a decrease in leaf water potential during the 

period of water stress (Gomes et al., 2004; Álvarez et al., 2018), but a stomatal closure 

may also occur without large changes in leaf potential. In fact, once the stomata are 

closed, leaf water potential values are maintained (Schultz, 2003). Both types of 

behavior were observed in our treatments, the first in the plants grown in commercial 

substrate and submitted to water stress and the second during the first two weeks of the 

experiment in the plants grown in compost (Figure 4). As a result of stomata reduction, 

net photosynthesis was reduced due to decreased CO2 availability at the chloroplast 

level (Chaves et al., 2009), as seen in many other ornamental species submitted to water 

deficit (Sánchez-Blanco et al., 2019; Álvarez et al., 2013). 

Leaf water potential and osmotic potential are good indicators of water stress. A 

decrease in osmotic potential at full turgor indicates whether or not osmotic adjustment 

has occurred due to water stress (Álvarez and Sánchez-Blanco, 2015). The compost-

grown plants showed osmotic adjustment even without water stress, unlike the plants 

grown in commercial substrate and subjected to water stress, which showed no osmotic 

adjustment. Perhaps, the water stress developed so rapidly (2 weeks) that osmotic 

adjustment did not occur even though the leaf water potential reached values of around -

3.0 MPa. In this sense, Alegre (2000) demonstrated that the degree of osmotic 

adjustment depends on the species, and speed of the imposed stress. On the other hand, 

the decrease of Ѱ100s in compost-grown plants when water stressed may have been the 
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result of an accumulation of solutes due to the mineral content of the substrate (Acosta-

Motos et al., 2017). Changes in K followed by Na in tissue plant may contribute 

substantially to osmo-regulation (Ortuño et al., 2018), which would have been the case 

in the plants grown in the compost substrate (Table 2). 

After restoring adequate irrigation to the water-stressed plants, the recovery of several 

parameters was studied. According to Dodd et al. (2015), re-watering greatly affects 

plant physiology, altering the export of xylem-borne chemical signals from the root to 

the shoot (Gómez-Cadenas et al., 1996; Hansen and Dorffling, 2003). Thus, the study of 

stress/recovery responses is instrumental for achieving a better understanding of the 

mechanisms to adapt different environments (Sapeta et al., 2013). 

In our case, the leaf water potential of the previously stressed plants reached values 

close to those of the plants that had been well watered throughout the experiment, 

although the time taken differed with the type of substrate (Figure 2). However, the 

same did not occur in the case of stomatal conductance and photosynthesis.  According 

to Chaves et al. (2009), after a period of water stress, the recovery of photosynthesis 

may depend on the degree and speed of the decrease in photosynthesis, which may be 

related to the substrate, as we have already mentioned, although such behavior has been 

poorly studied. 

In general, plants subjected to mild stress recover quickly, but plants subjected to severe 

water stress the recovery is progressive, slow, and sometimes incomplete, 40-60% of 

the maximum rate of photosynthesis obtained under control conditions (Souza et al., 

2004; Flexas et al., 2006; Miyashitaet al., 2005). In these cases, it has been suggested 

that sustained photoprotection and /or oxidative stress may be possible causes of this 

incomplete recovery (Gallé et al., 2007).  



 18 

 

Turning our attention to the morphological changes that occurred asa consequence of 

both substrate and water stress (table 4), it can be observed that there was increase in the 

percentage of area occupied by the parenchyma, adaxial epidermis, and mesophyll in 

water-stressed plants grown in compost substrate. The higher concentrations of minerals 

in the leaf (K, Na, S and Zn) along with the reduction in water availability increased 

thickness of leaf, leaf tissues and modify the location of stomata in crypts. These 

structural changes are part of the adaptive mechanisms to abiotic stresses, such as water 

stress, to minimize water loss by transpiration (Acosta- Motos et al., 2017; Guha et al., 

2010). However, the opposite occurred in the leaves of commercial-grown plants, where 

a decrease in the proportions of the different tissues evaluated with the reduction in soil 

moisture was observed. This decrease can be possibly due to the decrease in cell size in 

response to water stress (Zhang et al., 2012), which is commonly associated with a 

lower water stress tolerance (Ristic & Cass, 1991). 

On the other hand, although the compost increased the leaf Na content, it was not 

accompanied by a decrease in K accumulation; quite the contrary, an increase was 

recorded under stress conditions, would indicate that the compost was not especially 

harmful (Ortuño et al., 2018). During the recovery period, the differences in the mineral 

content between the stressed plants and those that were well-watered throughout the 

experiment were more evident in compost substrate (higher Na, K, Rb and S levels and 

lower Fe and Ca levels) than in commercial plants. 

The chlorophyll fluorescence is an important method of evaluating plant physiological 

status during the cultivation cycle (Toivonen and Vidaver, 1988; Murchie and Lawson, 

2013). The Fv/Fm value may reflect the potential efficiency of PSII. The values of 

Fv/Fm were significantly lower under water stress, especially in the plants grown in 

commercial substrates, which could be due to photodamaged in PSII, diminishing the 
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maximum photosynthetic capacity of plants (Porcar-Castell et al., 2014). Both 

photochemical values of fluorescence Y(II) and qp have been used as indicators of the 

effect of abiotic stresses in the photosynthetic apparatus (Cantabella et al., 2017). In our 

experiment, qP and Y(II) in leaves decreased under water stress in both substrates, 

indicating that the photosynthetic electron transport activity and the energy used in 

photosynthesis decreases under these conditions (Fryer et al., 1998), however, the qN 

value did not increase with water stress. This is against expectations, since stressed 

plants dissipate radiant energy as sensible heat (increasing qN) to protect leaves from 

photooxidative damage, acting as a self-protection mechanism in leaves (Herrera, 2000; 

Maxwell and Johnson, 2000). Then, we can hypothesize that the capacity of dissipating 

light energy by non-photochemical means of CWS plants was damaged strongly due to 

water stress, suggesting that these plants had disorders photosynthesis at the 

photochemical level. 

In terms of qP and Y(II), the plants grown in compost substrate responded slightly 

better than those grown in the commercial substrate and qN was no affected by water 

stress, supporting the idea that water stress did not harm the photosynthetic system of 

CpWS plants. This was probably due to a process of acclimatization, as reflected in the 

photochemical quenching parameters. It is possible that the response to the presence of 

metals actually make plants less susceptible to drought (de Silva et al., 2012). On the 

other hand, the higher lipid peroxidation values found in stressed plants possibly reflect 

greater damage to membranes.  

The recovery period was a decisive moment for the survival of water-stressed plants, 

although the recovery of optimal conditions may be perceived as a new stress, as 

observed in other studies in plants exposed to saline stress (Hernández and Almansa, 

2002, Acosta-Motos et al., 2015). In our experiment, under commercial substrate, in the 
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plants that did not survive the rehydration was perceived such a stress that exceeded the 

capacity of recovering of these photochemical mechanisms, resulting in the death of the 

plants. On the contrary, the surviving plants recorded good values of Fv/Fm, Y(II) and 

qP recovered their capacity of protecting against photooxidative damage by dissipating 

heat, since CWW and CWS presented similar qN values. In the case of compost 

substrate, the fluorescence values were again optimal in stressed plants, indicating that 

the CpWS plants were photochemically healthy, and the drop in Pn was a result of the 

reduction in gs (Table 3).  

In conclusion, high levels of heavy elements (Cu, Zn, Al, Mn, etc.) in an 

unconventional substrate, such as compost, negatively affected plant growth, even when 

the plants were well irrigated. Severe water stress (-3.0 MPa) was slower to develop in 

compost plants due to limitations in their transpiration process. Different soil substrates 

under water stress affected leaf anatomy differently, causing changes in both the 

thickness of the tissues analyzed and their proportions whereas commercial showed a 

decrease in thickness of the leaf tissue, an increase in the proportion of adaxial 

epidermal and parenchymal tissues occurred in compost.  

The relationship between stomatal conductance and water status depended on the 

substrate, which also determined the time taken for the plants to recover. In both 

substrates used, the water potential recovered before the photosynthetic activity. The 

restoration of irrigation was perceived as a new stress, especially in plants grown in 

commercial substrate, as reflected in the photochemical mechanisms and in plant 

survival rates.  
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Figure captions 

Figure 1.  Shoot dry weight, root dry weight and height  of Cistus albidus of Cistus 

albidus plants grown on commercial (C) and compost (Cp) substrates and subjected to 

well-watered (WW) and water stressed (WS) at the end of water-stress period) (A, B, C)  

and at the end of water recovery period (D, E,F). Values are means of five plants. 

Different letters indicate significant differences between treatments according to the 

Duncan0.05 test. The vertical bars indicate standard errors. 

 

Figure 2. Leaf water potential (l) of Cistus albidus plants, grown on commercial (C) 

and compost (Cp) substrates and subjected to well-watered (WW) and water stressed 

(WS) throughout the experiment period. Asterisks indicate statistically significant 

differences between treatments by Duncan0.05 test. The light gray stripe indicates the 

water stress period of the plants growing in commercial substrate and the dark gray 

stripe indicates the period in which their recovery begins. Water stress period of the 

plants growing in compost is the sum of both stripes. The vertical bars indicate standard 

errors. 

 

Figure 3. Osmotic water potential at full turgor (100s) of Cistus albidus plants, grown 

on commercial (C) and compost (Cp) substrates and subjected to well-watered (WW) 

and water stressed (WS), at the end of water-stress period (A) , and at the end of water 
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recovery period (B). Values are means of five leaves. Different letters indicate 

significant differences between treatments according to the Duncan0.05 test. The 

vertical bars indicate standard errors. 

 

Figure 4. Stomatal conductance (gs, A), net photosynthetic rate (Pn, B) and leaf 

temperature (T, C and D) of Cistus albidus plants, grown on commercial (C) and 

compost (Cp) substrates, subjected to well-watered (WW) and water stressed (WS) 

throughout the experiment period (water stress period and recovery period). T is 

represented at the end of the stress period (C) and at the end of the recovery period (D). 

Asterisks in figs. 4A and 4B indicate statistically significant differences between 

treatments by Duncan0.05 test. The light gray stripe indicates the water stress period of 

the plants growing in commercial substrate and the dark gray stripe indicates the period 

in which their recovery begins. Water stress period of the plants growing in compost is 

the sum of both stripes. The vertical bars indicate standard errors. Different letters in 

fig. 4C and 4D indicate significant differences between treatments according to the 

Duncan0.05 test. 

 

Figure 5. Lipid peroxidation of Cistus albidus plants, grown on commercial (C) and 

compost (Cp) substrates and subjected to well-watered (WW) and water stressed (WS), 

at the end of water-stress period (A) and at the end of water recovery period (B). Values 

are means of three plants. Different letters indicate significant differences between 

treatments according to the Duncan0.05test. The vertical bars indicate standard errors. 
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Table 1. Mineral content of the commercial (C) and compost (Cp) substrates at the beginning 

of the experiment. Different letters indicate significant differences between treatments 

according to the Duncan0.05 test. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Treatments 

 C Cp 

Al (mg/Kg) 1005,38 b 1841,07 a 

B (mg/Kg) 11,41 b 42,46 a 

Ca (g/100g) 1,14 b 3,70 a 

Cr (mg/Kg) 25,51 a 5,35 b 

Cu (mg/Kg) 7,95 b 204,23 a 

Fe (mg/Kg) 1904,26 a 632,82 b 

K (g/100g) 0,25 b 1,02 a 

Li (mg/Kg) 1,31 b 4,98 a 

Mg (g/100g) 0,30 b 0,76 a 

Mn (mg/Kg) 53,94 b 418,24 a 

Na (g/100g) 0,14 b 0,30 a 

Ni (mg/Kg) 6,85 a 5,15 b 

P (g/100g) 0,04 b 1,74 a 

Rb (mg/Kg) 4,82 b 10,66 a 

S (g/100g) 0,30 b 0,66 a 

Sr (mg/Kg) 28,66 b 164,33 a 

Zn (mg/Kg) 13,53 b 1751,38 a 

Table



Table 2. Leaf mineral content of Cistus albidus plants grown on commercial (C) and compost 

(Cp) substrates and subjected to well-watered (WW) and water stressed (WS) at the end of the 

water stress period (A) and at the end of the recovery period (B). Values are mean ± SEM (n = 5 

plants). Means within a row without a common lowercase letter are significantly different by 

Duncan0.05 test. 

 

 

B CWW CWS CpWW CpWS 

Al (mg/L) 20,50±7,50 22,50±4,50 34,50±7,00 30,00±5,00 

B (mg/L) 180,50±6,00 175,00±4,00 185,00±15,50 164,50±9,00 

Ca (mg/L) 11264,00±1004,00 a 11137,50±739,50 a 3381,50±273,00 b 3169,00±409,50 b 

Cu (mg/L) 3,00±0,50 4,00±0,00 5,00±1,00 4,00±0,50  

Fe (mg/L) 53,50±4,00 ab 69,00±4,00 a 43,00±11,00 bc 32,00±2,00 c 

K (mg/L) 22652,50±1531,50 d 31999,50±975,50 c 50894,00±2653,50 b 65004,00±5578,00 a 

Mg (mg/L) 2792,00±147,50 3459,50±154,00 3383,50±120,50  3804,00±451,50 

Mn (mg/L) 72,00±7,00 213,50±20,50 80,00±13,00 103,00±10,50 

Na (mg/L) 626,00±110,50 c 1077,00±133,50 c 1784,50±330,00 b 4079,00±596,00 a 

P (mg/L) 4746,50±333,50 b 6953,00±370,00 a 5613,00±608,50 ab 5246,50±801,00 b 

Rb (mg/L) 17,00±1,00 c 22,50±1,00 c 31,00±1,50 b 39,25±3,50 a 

S (mg/L) 1926,50±66,50 b 2753,00±171,00 b 4358,50±605,00 a 5026,00±504,00 a 

Sr (mg/L) 21,50±3,50 a 28,00±2,00 a 7,50±2,00 b 11,50±2,50 b 

Zn (mg/L) 71,50±5,50 b 86,00±4,00 b 177,50±36,00 a 138,00±30,00 b 

 

 

 

A CWW CWS CpWW CpWS 

Al (mg/L) 60,05±7,00 29,50±8,00 77,50±21,50 22,00±1,00 

B (mg/L) 165,35±3,50 ab 158,50±1,50 b 153,00±11,50 b 178,00±3,00 a 

Ca (mg/L) 8551,50±869,50 a 6031,50±290,50 b 3213,00±576,00 c 2953,50±317,00 c 

Cu (mg/L) 12,95±1,50 a 5,00±1,00 b 10,00±3,50 ab 6,00±1,50 ab 

Fe (mg/L) 68,50±7,50 54,50±5,00 133,00±88,00 60,00±12,50 

K (mg/L) 31883,00±2281,00 b 27151,50±504,50 b 43061,50±1738,00 a 47836,50±880,00 a 

Mg (mg/L) 3542,50±238,00 a 2546,00±231,00 b 3551,00±426,00 a 3628,00±95,50 a 

Mn (mg/L) 117,00±3,50 123,50±28,50 70,50±4,50  104,50±8,50  

Na (mg/L) 1385,50±195,50 bc 749,00±33,50 c 2015,00±422,50 a 2873,50±331,50 a 

P (mg/L) 6705,50±637,50 5865,00±341,50 5100,50±834,50 4760,00±351,00 

Rb (mg/L) 25,50±1,50 a 19,60±0,50 b 27,00±1,00 a 30,50±0,50 a 

S (mg/L) 1654,50±257,00 b 1592,50±206,50 b 2556,00±92,00 a 3107,50±269,50 a 

Sr (mg/L) 44,00±4,00 30,50±6,00 31,50±7,50  26,00±3,00 

Zn (mg/L) 88,00±13,50 ab 59,50±9,00 b 118,50±26,50 a 97,50±6,50 b 



 

Table 3. Leaf chlorophyll fluorescence (Fv/Fm, efficiency of PSII; Y(II), quantum yield; qP, 

photochemical quenching; and qN, non-photochemical quenching) of Cistus albidus plants 

grown on commercial (C) and compost (Cp) substrates and subjected to well-watered (WW) 

and water stressed (WS) at the end of the water stress period and at the end of the recovery 

period. Values are means± SEM (n=3 plants). Means within a row without a common 

lowercase letter are significantly different by Duncan0.05 test. 

 

  CWW CWS CpWW CpWS 

 
 

Water stress  

Fv/Fm 0,805±0,008 a 0,721±0,026 c 0,814±0,005 a 0,785±0,009 b 

Y(II) 0,264±0,024 b 0,076±0,003 c 0,393±0,033 a 0,293±0,030 b 

qP 0,376±0,028 b 0,105±0,042 c 0,540±0,046 a 0,421±0,040 b 

qN 0,522±0,006 a 0,156±0,013 b 0,454±0,060 a 0,459±0,014 a 

  CWW CWS CpWW CpWS 

 
 

Recovery 

Fv/Fm 0,805±0,003 a 0,781±0,005 a 0,633±0,059 b 0,741±0,001 a 

Y(II) 0,407±0,029 a 0,386±0,040 a 0,229±0,030 b 0,300±0,010 b 

qP 0,562±0,033 a 0,572±0,053 a 0,441±0,004 b 0,518±0,022 ab 

qN 0,439±0,048 b 0,512±0,040 b 0,542±0,054 ab 0,649±0,013 a 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

Table 4. The percentage of area occupied by palisade parenchyma (PP), spongy parenchyma 

(SP), adaxial epidermis (AdE), abaxial epidermis (AbE) mesophyll thickening (MT) stomatal 

opening  in leaves of Cistus albidus plants grown on commercial (C) and compost (Cp) 

substrates subjected to well-watered (WW) and water stressed (WS) at the end of water stress 

period.  

 

 CWW CWS CpWW CpWS 

AdE 26,337±1,504 a 17,715±4,064 b 16,086±0,783 b 24,712±0,988 a 

PP 69,279±1,775 b 64,150±14,717 c 68,644±1,198 b 93,547±2,000 a 

SP 71,240±3,768 a 27,502±6,309 b 77,262±1,323 a 72,644±1,348 a 

AbE 11,761±0,549 b 7,189±1,649 c 23,132±1,397 a 10,546±0,338 b 

MT 181,952±3,725 b 142,868±32,776 c 181,905±2,675 b 204,322±1,978 a 

Stomata 25,996±0,361 a 9,626±2,208 b 7,412±0,401 c 5,558±0,223 d 
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